Introduction
Multiple myeloma (MM) is characterized by excess bone marrow (BM) plasma cells in association with monoclonal proteins. Despite conventional therapies with alkylating agents, anthracyclines, and corticosteroids, 1,2 as well as high-dose therapy and stem cell transplantation, 3, 4 it remains incurable due both to intrinsic and acquired drug resistance. [5] [6] [7] Importantly, the BM microenvironment induces growth, survival, and drug resistance in MM cells via at least 2 different mechanisms: adhesion of MM cells to fibronectin confers cell adhesion-mediated drug resistance (CAM-DR) 8, 9 ; and cytokines (ie, interleukin-6 [IL-6], insulinlike growth factor 1 [IGF-1], and vascular endothelial growth factor [VEGF] ) in the BM milieu induce mitogen-activated protein kinase (MAPK) kinase (MEK)/extracellular signal-related kinase (ERK); phosphatidylinositol 3-kinase (PI3-K)/Akt; and/or Janus kinase 2 (JAK2)/ signal transducer activator of transcription 3 (STAT3) signaling cascades. Akt signaling mediates MM cell resistance to conventional therapeutics [10] [11] [12] [13] [14] ; therefore, biologically based treatments targeting Akt may induce anti-MM activity in the context of the BM microenvironment.
Perifosine [octadecyl-(1,1-dimethyl-piperidinio-4-yl)-phosphate] is a synthetic novel alkylphospholipid (ALP), a new class of antitumor agents which targets cell membranes, inhibits Akt activation, and induces apoptosis in PC-3 prostate carcinoma cells, 15 epithelial carcinoma cell line A431, and HeLa cells. 16 Importantly, perifosine does not directly affect activity of PI3-K or phosphoinositide-dependent kinase 1 (PDK1). 15 It induces p21 Cip1 , associated with G 2 /M phase cell accumulation, in head and neck squamous cell carcinoma cells. 17 p21 Cip1 induction is due to activation of ERK signaling pathway by perifosine, since ERK activation promotes the phosphorylation of Sp1 in known ERK threonine residues (Thr 453/739), thereby leading to increased Sp1 binding and enhanced p21 Cip1 transcription. 18 Most recently, combination treatment of human leukemia cells with perifosine and histone deacetylase inhibitors (HDACs) inhibited both Akt and MEK/ERK, induced ceramide and reactive oxygen species production and mitochondrial injury, and triggered apoptosis. 19 In 2 phase 1 studies of perifosine in solid tumors, dose-limiting toxicity (DLT) was not reached, although gastrointestinal toxicity led to early treatment discontinuation at higher dose levels. Importantly, no hematologic toxicity was observed, and maximum-tolerated dose (MTD) was defined at 200 mg/d, achieving plasma concentrations of perifosine of 7.5 g/mL (16.2 M). 20 In this report, we demonstrate that perifosine induces potent cytotoxicity associated with significant inhibition of Akt activity in MM cell lines, as well as freshly isolated patient MM cells (inhibitory concentration at 50% [IC 50 ] of 1.5-15 M at 48 hours). MM cell apoptosis triggered by perifosine is mediated via caspase-8, caspase-9, and poly(ADP-ribose) polymerase (PARP) cleavage, common apoptotic pathways in MM. 13 As with the proteasome inhibitor bortezomib 21 and immunomodulatory derivatives of thalidomide (IMiDs), 22 Perifosine augments dexamethasone (Dex)-induced MM cell growth inhibition; it also augments doxorubicin (Dox), melphalan (Mel), and bortezomib-induced MM cell cytotoxicity. IL-6 10, 11, [23] [24] [25] [26] and IGF-1 27, 28 induce MM cell growth and protection against Dex-induced apoptosis; however, neither exogenous IL-6 nor IGF-1 overcomes perifosine-induced cytotoxicity. Adherence of MM cells to bone marrow stromal cells (BMSCs) augments MM cell growth and protects against Dex-induced apoptosis, 11, 29 but perifosine induces apoptosis even of MM cells adherent to BMSCs. Finally, perifosine inhibits human MM cell growth and prolongs host survival in a murine model of human MM, associated with in vivo inhibition of Akt in tumor cells. Our data provide the framework for clinical trials of perifosine to improve patient outcome in MM.
Materials and methods

Cells
Dex-sensitive (MM.1S) and -resistant (MM.1R) human MM cell lines were kindly provided by Dr Steven Rosen (Northwestern University, Chicago, IL). RPMI8226 and U266 human MM cells were obtained from American Type Culture Collection (Rockville, MD). The INA-6 cell line was kindly provided by Dr Martin Gramatzki (University of Erlangen-Nuernberg, Erlangen, Germany). Melphalan-resistant RPMI-LR5 (LR5) and doxorubicin-resistant RPMI-Dox40 (Dox40) cell lines were provided by Dr William Dalton (H Lee Moffitt Cancer Center, Tampa, FL). OPM1 and OPM2 were provided from Dr P. Leif Bergsagel (Mayo Clinic, Tucson, AZ). All MM cell lines were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS; Sigma Chemical, St Louis, MO), 2 M L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin (GIBCO, Grand Island, NY).
Patient MM cells were purified from BM aspirates by negative selection (RosetteSep separation system; StemCell Technologies, Vancouver, BC, Canada). The purity of MM cells was confirmed by flow cytometric analysis using anti-CD138 Ab (BD Pharmingen, San Diego, CA), as in prior studies. 30 Peripheral blood mononuclear cells (PBMCs) were obtained from healthy volunteers by Ficoll-Hipaque density sedimentation. BM specimens were obtained from patients with MM. Mononuclear cells (MNCs) separated by Ficoll-Hipaque density sedimentation were used to establish long-term BM cultures, as in prior studies. 29 When an adherent cell monolayer had developed, cells were harvested in Hanks buffered saline solution containing 0.25% trypsin and 0.02% EDTA, washed, and collected by centrifugation. Approval for these studies was obtained from the Dana-Farber Cancer Institute Institutional Review Board. Informed consent was obtained from all patients in accordance with the Declaration of Helsinki protocol.
Transfection
MM.1S cells were transfected with a plasmid vector carrying an Akt construct containing a myristoylation (Myr) site, leading to constitutive activation of Akt kinase (Upstate Biotechnologies, Lake Placid, NY), as in prior studies. 12 MM.1S cells were also transiently transfected with JNK2␣2/ SAPK1␣ expression plasmid (Upstate Biotechnologies) using Nucleofector Kit V (Amaxa Biosystems, Cologne, Germany), as in prior studies. 31 
Reagents
Perifosine (NSC 639966), a synthetic substituted heterocyclic alkylphospholipid, was provided by Keryx Biopharmaceuticals (New York, NY). Dex, Dox, and Mel were purchased from Sigma Chemical. Bortezomib was obtained from Millennium Pharmaceuticals (Cambridge, MA). JNK inhibitor SP600215 and MEK1/2 inhibitor U0126 were purchased from Calbiochem (San Diego, CA) and Cell Signaling Technology (Beverly, MA), respectively. p38 MAPK inhibitor SCIO-469 was provided by Scios (Fremont, CA). Caspase-8 (Z-IETD-FMK), caspase-9 (Z-LEHD-FMK), and pancaspase (Z-VAD-FMK) inhibitors were purchased from Calbiochem.
Growth inhibition assay
The inhibitory effect of perifosine, alone or combined with other agents, on MM cell growth was assessed by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide (MTT; Chemicon International, Temecula, CA) dye absorbance. Cells were pulsed with 10 L of 5 mg/mL MTT to each well for the last 4 hours of 24-hour and/or 48-hour cultures, followed by 100 L isopropanol containing 0.04 N HCl. Absorbance was measured at 570/630 nm using a spectrophotometer (Molecular Devices, Sunnyvale, CA). 
DNA synthesis
Immunoblotting
MM cells were harvested and lysed using lysis buffer: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5 mM NaF, 2 mM Na 3 VO 4 , 1 mM PMSF, 5 g/mL leupeptine, and 5 g/mL aprotinin. Whole-cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membrane (Bio-Rad Laboratories, Hercules, CA). The Abs used for immunoblotting included: antiphospho (p)-Akt (Ser473), anti-p-Akt (Thr308), anti-Akt, anti-p-PDK1 (Ser241), anti-p-FKHR (Thr24)/FKHRL1 (Thr32), anti-p-GSK3␣/␤ (Ser21/ 9), anti-p-MEK (Ser217/221), anti-p-SAPK/JNK (Thr183/Tyr185), anti-SAPK, anti-caspase-8, anti-caspase-9, and anti-PARP (Cell Signaling Technology); as well as anti-p-ERK (Tyr204), anti-ERK1/2, anti-ERK2, anti-p-STAT3 (Tyr705), anti-JNK2, and anti-␣-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies (Abs).
In vitro Akt kinase assay
MM.1S cells were cultured in the presence or absence of perifosine (5 M, 6 hours) and then stimulated with IL-6 (20 ng/mL, 10 minutes). In vitro Akt kinase assay was then carried out using the Akt Kinase Assay Kit (nonradioactive) (Cell Signaling Technology).
Flow cytometric analysis
For cell-cycle analysis, MM cells cultured for 24 hours in perifosine or control media were harvested, washed with phosphate-buffered saline (PBS), fixed with 70% ethanol, and treated with 10 g/mL RNase (Roche Diagnostics, Indianapolis, IN). Cells were then stained with propidium iodine (PI; Sigma Chemical) (5 g/mL) and the cell-cycle profile was determined using an Epics (Coulter Immunology, Hialeah, FL) flow cytometer, as in prior studies. 32 
Effect of perifosine on paracrine MM cell growth in the BM
To evaluate growth stimulation and signaling in MM cells adherent to BMSCs, 3 ϫ 10 4 MM.1S cells were cultured in BMSC-coated 96-well plates for 48 hours in the presence or absence of perifosine. DNA synthesis was measured as described in "DNA synthesis."
Xenograft murine model
Beige-nude-xid (BNX) mice (5 to 6 weeks old) were obtained from Frederick Cancer Research and Development Center (Frederick, MD). All animal studies were conducted according to protocols approved by the Animal Ethics Committee of the Dana-Farber Cancer Institute. The mice were inoculated subcutaneously in the right flank with 3 ϫ 10 7 MM.1S MM cells in 100 L RPMI 1640 and 100 L Matrigel basement membrane matrix (Becton Dickinson, Bedford, MA). When tumors were measurable, mice were assigned into cohorts receiving oral perifosine daily (36 mg/kg) or weekly (250 mg/kg), or into a control group receiving oral vehicle alone (0.9% sodium chloride). The weekly dose was given in 2 divided doses (125 mg/kg/100 L PBS) to improve tolerance. Caliper measurements of the longest perpendicular tumor diameters were performed every alternate day to estimate the tumor volume, using the following formula representing the 3-dimensional volume of an ellipse: 4/3 ϫ (width/2) 2 ϫ (length/2). Animals were killed when tumors reached 2 cm or if the mice appeared moribund to prevent unnecessary morbidity to the mice. Survival was evaluated from the first day of treatment until death. Tumor growth was evaluated using caliper measurements from the first day of treatment until day of first killing which was day 15 for controls, day 32 for daily treated mice, and day 30 for weekly treated mice. Serum paraprotein was not detectable by enzyme-linked immunosorbent assay in this xenograft model.
Statistical analysis
Statistical significance of differences observed in drug-treated versus control cultures was determined using the Wilcoxon signed ranks test. The minimal level of significance was a P value less than .05. The interaction between perifosine and bortezomib was analyzed by isobologram analysis using the CalcuSyn software program (Biosoft, Ferguson, MO) to determine whether the combination was additive or synergistic; a combination index (CI) lower than 0.7 indicates a synergistic effect, as previously described. 32 For in vivo experiments, tumor volumes were compared using 1-way analysis of variance and Bonferroni post hoc tests. Survival was assessed using Kaplan-Meier curves and log-rank analysis.
Results
Perifosine inhibits Akt activation and induces cytotoxicity in MM cells
We first examined baseline phosphorylation (Ser473) of Akt in 9 MM cell lines, including those resistant to conventional therapeutic agents (MM.1R, LR5, Dox40) and phosphatase tensin homolog (PTEN)-mutated (OPM1), as well as tumor cells from 3 MM patients. Five of 9 MM cell lines and 3 MM patient tumor cells demonstrated constitutive phosphorylation of Akt ( Figure 1A ). Interestingly, there was no relationship between Akt and STAT3 or ERK phosphorylation in these cells. Since previous studies demonstrated that perifosine inhibits Akt phosphorylation/activation in epithelial carcinoma cells (A431 and HeLa), 16 prostate carcinoma cells (PC-3), 15 lung adenocarcinoma cells (A549), 33 and leukemia cells (U937 and HL60), 19 we next determined whether perifosine could inhibit Akt phosphorylation in MM cells. Whole-cell lysates from MM.1S cells cultured with 10 M perifosine for 0.5 to 6 hours were immunoblotted with p-Akt. MM.1S cells demonstrated constitutive phosphorylation of Akt, which was completely inhibited by perifosine in a time-dependent fashion ( Figure 1B ). Phosphorylation of FKHRL1 and GSK3␣/␤, downstream target proteins of Akt, was also markedly inhibited; in contrast, phosphorylation of PDK-1, a known upstream molecule of Akt, was not affected by perifosine. Interestingly, phosphorylation of MEK and ERK was significantly increased by perifosine. This effect of perifosine on phosphorylation of Akt was dose dependent, with significant inhibition by 10 M perifosine for 6 hours ( Figure 1C ). These results demonstrate that perifosine inhibits baseline phosphorylation of Akt and its downstream target proteins without altering PDK1; conversely, perifosine enhances MEK and ERK phosphorylation. Similar results were observed in MM.1R and INA-6 cells (data not shown). In vitro Akt kinase assays confirmed the direct inhibitory effect of perifosine on Akt activity, before and after IL-6 stimulation of MM.1S cells; perifosine completely blocked both baseline and IL-6-stimulated phosphorylation of GSK3␣/␤ ( Figure  1D ). This result indicates that perifosine directly inhibits Akt activity, even in IL-6-stimulated MM cells.
We next examined the growth inhibitory effect of perifosine in MM cell lines using MTT assays. MM.1S, MM.1R, U266, INA-6, RPMI8226, RPMI-LR5, RPMI-Dox40, OPM1, and OPM2 cells were cultured for 24 hours ( Figure 1E , left panel) and 48 hours ( Figure 1E , right panel) in the presence of perifosine (1.5-100 M). Perifosine significantly inhibited growth of these cell lines at 48 hours in a dose-dependent fashion, with IC 50 of 1 to 12.5 M. We further examined whether perifosine could overcome constitutive highly active Akt in MM cells. To test this hypothesis, we used Myr-Akt-MM.1S cells stably transfected with Myr-Akt. Importantly, perifosine is also effective in these transfectants ( Figure 1F ). These results suggest that perifosine does not inhibit upstream molecules, but targets Akt. The cytotoxicity of perifosine was also assessed in freshly isolated tumor cells from MM patients (n ϭ 4). Perifosine (5-20 M) induced significant anti-MM activity, with IC 50 as in MM cell lines ( Figure 1G ). In contrast, perifosine did not trigger cytotoxicity in PBMCs from 3 healthy volunteers ( Figure  1H ). These results demonstrate that perifosine triggers significant cytotoxicity even in drug-resistant (MM.1R, LR5, and Dox40) MM cell lines and patient MM cells, without toxicity in normal PBMCs.
Perifosine induces JNK/caspase-dependent MM cell apoptosis
We next examined molecular mechanisms whereby perifosine induces cytotoxicity in MM cells. We first performed cell-cycle profiling using PI staining in MM.1S and RPMI8226 cells cultured for 24 hours with control media or perifosine (5 M and 10 M). perifosine induced increased sub-G 1 phase population in both MM.1S and RPMI8226 cells. For example, sub-G 1 phase MM.1S cells increased from 15% in control to 36% and 57% after treatment with 5 M and 10 M perifosine, respectively (Figure 2A ). To determine whether perifosineinduced cytotoxicity is mediated via activation of caspase and/or PARP, MM.1S cells were treated with 5 M and 10 M for 8 hours; perifosine induced caspase-8, caspase-9, and PARP cleavage in a dose-and time-dependent fashion ( Figure 2B ). Similar results were observed in RPMI8226 cells treated with perifosine (data not shown). To further examine whether caspase inhibitor could block perifosine-induced cytotoxicity, MM.1S cells were cultured with perifosine in the presence of Caspase-8 (Z-IETD-FMK), caspase-9 (Z-LEHD-FMK), and pancaspase (Z-VAD-FMK) inhibitors. Importantly, these inhibitors significantly (P Ͻ .01) reduced perifosine-induced cytotoxicity ( Figure 2C ). Taken together, these results strongly suggest that perifosine triggers caspase-dependent apoptosis in MM cells.
Since we have shown that JNK plays a crucial role in apoptosis triggered by novel therapeutic agents, including bortezomib 30 and lysophosphatidic acyltransferase inhibitor, 34 and Rahmani et al 19 have reported that perifosine induced phosphorylation of JNK in U937 cells, we next examined whether perifosine induced phosphorylation of JNK during MM cell apoptosis. As shown in Figure 2D , Perifosine strongly induced phosphorylation of JNK1/2 in MM.1S cells in a time-dependent fashion. Phosphorylation of p38 MAPK was also induced by perifosine treatment. To determine the role of JNK activity in mediating perifosine-induced cytotoxicity, MM.1S cells were treated with perifosine in the presence or absence of the JNK inhibitor SP600125. 35, 36 SP600125 markedly inhibited perifosine-induced phosphorylation of JNK and caspase-8 cleavage ( Figure 2E ). Consistent with inhibition of perifosine-induced phosphorylation of JNK1/2 and caspase-8, cytotoxicity triggered by perifosine (5 M and 10 M for 8 hours) was blocked by SP600125 ( Figure 2F ), confirming that SP600125 inhibits perifosine-induced JNK activation and caspase-8 cleavage. Similar results were observed in RPMI8226 cells (data not shown). Previous studies have shown that JNK2 plays an important role in apoptosis 37 ; we therefore further examined whether specific inhibition of JNK2 expression could block perifosine-induced cytotoxicity. MM.1S cells transfected with JNK2 shRNA expression plasmid significantly reduced perifosine-induced cytotoxicity (P Ͻ .01, control vector versus expression plasmid), associated with decreased JNK2 protein expression ( Figure 2G ). These results suggest that JNK plays a role, at least in part, mediating MM cell apoptosis triggered by perifosine.
We have previously shown that bortezomib induces phosphorylation/activation of p38 MAPK and that p38 MAPK inhibitor SCIO-469 augments its cytotoxicity. 31 Since perifosine triggered phosphorylation of p38 MAPK, we similarly examined whether SCIO-469 also enhances perifosine-induced cytotoxicity in MM cells. As expected, SCIO-469 augments perifosine-induced cytotoxicity in a dose-dependent fashion ( Figure 2H ). Our ongoing studies will delineate molecular mechanisms whereby inhibition of p38 MAPK enhances perifosine-induced cytotoxicity.
Neither growth factors nor adherence to BMSCs protect against perifosine-induced MM cell cytotoxicity IL-6 triggers significant MM cell growth and antiapoptotic activities in vitro 24, 38, 39 and in vivo in murine models of human MM. 40, 41 Specifically, we have demonstrated that IL-6 abrogates Dexinduced apoptosis via activation of Akt in MM.1S cells. 11 We next therefore examined whether IL-6 could overcome the antiapoptotic effect of perifosine in vitro. Consistent with our previous studies, 11 Dex-triggered MM cell cytotoxicity was almost completely abrogated by IL-6 (10 ng/mL); importantly, IL-6 did not block perifosine-triggered cytotoxicity ( Figure 3A) . Similar results were observed in the presence of IGF-1 (data not shown). The impact of perifosine on signaling cascades mediated by IL-6 and IGF-1 was further examined. MM.1S cells were incubated with perifosine (5 M for 6 hours), prior to stimulation with IL-6 (10 ng/mL) or IGF-1 (25 ng/mL). IL-6 induced phosphorylation of Akt, ERK and STAT3; conversely, perifosine significantly inhibited IL-6-triggered Akt phosphorylation, without affecting ERK and STAT3 phosphorylation ( Figure 3B ). IGF-1-triggered Akt phosphorylation was similarly inhibited by perifosine. Since we have previously demonstrated that bortezomib down-regulates gp130 expression in a caspase-dependent manner and thereby inhibits IL-6-induced signaling cascades, including PI3-K/Akt, MEK/ERK, and Jak2/STAT3, 42 we similarly examined whether perifosine also triggers down-regulation of gp130 expression. perifosine did not trigger cleavage of either caspase-8 or PARP, confirming that inhibition of cytokine-mediated Akt phosphorylation by perifosine is not due to down-regulation of gp130 expression (data not shown). These results indicate that perifosine overcomes the antiapoptotic effect of IL-6 or IGF-1 and inhibits cytokinestimulated Akt phosphorylation, without inhibiting ERK or STAT3.
Since the BM microenvironment confers MM cell growth and drug resistance, 13, 43, 44 we next studied whether perifosine inhibits MM cell growth in the context of the BM microenvironment. MM.1S cells were cultured with perifosine (2.5, 5, and 7.5 -M), in the presence or absence of BMSCs. Adherence of MM.1S cells to BMSCs triggered increased [ 3 H]-thymidine uptake (2.2-fold, P Ͻ .01) ( Figure 3C) ; conversely, perifosine inhibited this upregulation in a dose-dependent fashion (P Ͻ .01). The viability of BMSCs, assessed by MTT assay, was not inhibited by perifosine treatment (data not shown). Consistent with stimulation triggered by exogenous IL-6 ( Figure 3B) , adherence of MM.1S cells to BMSCs triggered phosphorylation of Akt, ERK, and STAT3; conversely, perifosine abrogated adhesion-induced phosphorylation of Akt, without altering of ERK or STAT3 phosphorylation ( Figure 3D ). These data indicate that perifosine triggers significant antitumor activity even against MM cells in the BM milieu, associated with significant inhibition of Akt activity. 
org From
Inhibition of ERK signaling synergistically augments perifosine-induced cytotoxicity
We have previously demonstrated an important role of MEK/ERK signaling in mediating proliferation in MM cells 25, 45 as well as cross-talk between PI3-K/Akt and MEK/ERK signaling cascades. 11 Since perifosine triggered significant up-regulation of MEK and ERK phosphorylation, we hypothesized that this up-regulation might be a compensatory positive feedback response to maintain MM cell survival. Inhibiting MEK/ERK signaling would therefore enhance perifosine-induced cytotoxicity in MM cells. To inhibit up-regulation of MEK/ERK activity triggered by perifosine, we used the MEK1/2 inhibitor U0126. As seen in Figure 4A , Perifosine (5 M for 6 hours) markedly up-regulated phosphorylation of MEK and ERK in both MM.1S and MM.1R cells. As expected, the cytotoxicity triggered by perifosine was synergistically enhanced in the presence of U0126, determined by isobologram analysis: for example, 2.5 M and 5 M of perifosine alone induced 4% and 38% MM.1S cytotoxicity, which is increased to 50% (CI ϭ 0.29) and 92% (CI ϭ 0.37), respectively, by 5 M U0126 ( Figure 4B ). Similar results (CI ϭ 0.43-0.58) were observed in MM.1R cells ( Figure 4C ).
The molecular mechanisms whereby perifosine-induced cytotoxicity is enhanced by U0126 were further studied. MM.1S cells were treated for 24 hours with 5 M perifosine, 5 M U0126, or the combination. Up-regulation of ERK phosphorylation triggered by perifosine was completely blocked by U0126 ( Figure 4D ). Importantly, phosphorylation of JNK and cleavage of caspase-8/PARP were markedly up-regulated by the combination versus singleagent treatment. Since we showed that JNK plays a crucial role in perifosine-induced cytotoxicity ( Figure 2D-E) , these results strongly suggest that augmentation of perifosine-induced cytotoxicity by U0126 is mediated via JNK activity, followed by caspase activation. We further examined whether this combination treatment was also effective in freshly isolated patient MM cells. Although perifosine alone was effective, U0126 (5 M) significantly augmented its cytotoxicity in patient tumor cells ( Figure 4E ). Importantly, no significant cytotoxicity in PBMCs was observed after perifosine and U0126 treatment (data not shown).
The combination of perifosine with U0126 was also examined in the context of MM cells bound to BMSCs. Either perifosine or Figure 4F ). The viability of BMSCs, assessed by MTT assay, was not altered by this combination treatment (data not shown). These data indicate that combined treatment of U0126 with perifosine triggers synergistic selective antitumor activity against MM cells in the BM milieu, thereby overcoming cell adhesion-mediated resistance to conventional therapies.
Since Akt plays a crucial role mediating MM cell survival and antiapoptosis, [10] [11] [12] 46, 47 we hypothesized that inhibition of Akt activity by perifosine could enhance cytotoxicity of the conventional therapeutic agents Dex, Mel, and Dox. MM.1S cells were cultured for 48 hours with Dex ( Figure 5A ), Mel ( Figure 5B ), or Dox ( Figure 5C ), in the presence (2.5 M and 5 M) or absence of perifosine. Perifosine enhanced cytotoxicity triggered by these agents in a dose-dependent fashion. For example, 50 nM Dox induced 35% cytotoxicity, which was augmented to 60% and 86% by 2.5 M and 5 M perifosine, respectively ( Figure 5C ). Bortezomib demonstrates significant anti-MM activity in vitro, 21, 30, 48 in murine models of human MM in vivo, 49 and as therapy for patients with relapsed and refractory MM 50, 51 ; however, 60% to 65% of these patients did not respond to bortezomib. We therefore further examined whether perifosine could enhance the cytotoxicity of bortezomib. As expected, MM.1S cytotoxicity induced by bortezomib (5 and 7.5 nM) was significantly enhanced in the presence of perifosine (2.5 and 5 M) ( Figure 6A ). We next analyzed the molecular mechanisms whereby perifosine enhanced bortezomib-triggered cytotoxicity. Surprisingly, bortezomib induced phosphorylation of Akt in a time-dependent fashion ( Figure 6B) . Augmentation of Akt kinase activity triggered by bortezomib was confirmed using an in vitro Akt kinase assay ( Figure 6C ). Importantly, perifosine completely blocked bortezomib-triggered Akt activation.
Since we have previously shown that bortezomib inhibits ERK phosphorylation in MM.1S cells, 21 we further examined whether bortezomib blocks perifosine-induced phosphorylation of ERK. As shown in Figure 6D , perifosine-induced phosphorylation of ERK was inhibited by bortezomib in a dose-dependent fashion. We next treated MM.1S cells for 8 hours with 10 nM bortezomib, 5 M perifosine, or the combination. Importantly, phosphorylation of JNK and cleavage of caspase-8/PARP were upregulated by the combination versus single agent treatment ( Figure 6E) . These results are similar to the combination treatment of perifosine with U0126, suggesting that opposing effects of bortezomib versus perifosine on phosphorylation of Akt and ERK, at least in part, modulate JNK/caspase activation.
Perifosine inhibits human MM cell growth in vivo
Having shown the signaling mechanisms mediating the anti-MM effects of perifosine in vitro, we next determined whether Perifosine mediates in vivo anti-human MM cell activity using an immunodeficient murine plasmacytoma model. In a 4-week treatment toxicity study, the maximum tolerated dose was determined as 250 mg/kg/wk in 2 divided doses or 36 mg/kg/d as a single dose. These doses were therefore used to assess antimyeloma activity.
Mice were inoculated subcutaneously in the flank with 3 ϫ 10 7 MM.1S MM cells in 100 L RPMI-1640 media, together with 100 L Matrigel. Drug treatment was started after the development of measurable tumor. Perifosine was given via oral gavage at doses of 250 mg/kg/wk in 2 divided doses or 36 mg/kg/d. Control mice were given PBS vehicle only. Serial caliper measurements of perpendicular diameters were done every other day to calculate tumor volume. There was no significant difference between the groups at baseline (P ϭ .8).
Both oral daily (36 mg/kg/d) and weekly (250 mg/kg/wk) administration of perifosine significantly reduced MM tumor growth and increased survival, compared with control animals treated with PBS vehicle only. Comparisons of tumor volumes on day 15 following tumor implantation showed statistically significant differences across treatment groups (P ϭ .016, 1-way analysis of variance), and Bonferroni post hoc tests revealed significantly lower tumor volumes in both the perifosine-treated groups versus the control group (P ϭ .04; Figure 7A ). In contrast, there was no significant difference between the perifosine treatment groups. Assessing overall survival (OS), all control mice were killed by day 60 after treatment was begun, whereas 71% of daily treated mice and 57% of weekly treated mice remained alive at this time. Using Kaplan-Meier curves and log-rank analysis, the mean OS was 31 days (95% confidence interval [CI], 18-44 days) in the control cohort versus 59 days (95% CI, 45-73 days) and 63 days (95% CI, 49-76 days) in groups treated with daily and weekly perifosine, respectively. There was no statistically significant difference in the mean OS of mice treated with the 2 doses of perifosine. In contrast, a statistically significant prolongation in mean OS compared with control mice was observed in animals treated with daily (P ϭ .011) and weekly (P ϭ .016) perifosine ( Figure 7B ). Furthermore, these results underestimate the survival advantage of perifosine to these mice because 5 (36%) of treated mice were killed on day 81 in order to further examine molecular events ex vivo. These mice either had no tumor (1) or small tumors well controlled by the drug (4).
Some toxicity was observed in the treated group. During the first 35 days, there was a nonsignificant weight loss of 6% to 9% in the treated groups compared with controls. Significant weight loss was observed in 3 treated mice, but this occurred after 5 weeks of treatment when most of the control mice had already been killed. It is therefore not certain that the morbidity was drug related. Histologic examination of organs did not reveal any organ toxicity, and the causes of the morbidity were not clear. Representative significant inhibition of tumor growth by weekly perifosine is shown in Figure 7C . Whole-tumor-cell lysates from vehicle control and weekly perifosine-treated mice were subjected to Western blotting to assess in vivo phosphorylation of Akt. Importantly, tumor tissue from perifosine-treated mice demonstrated significant inhibition of Akt phosphorylation compared with tumor tissue from control animals ( Figure 7D ). Evaluation of terminal bleeds did not reveal any differences in hematologic parameters in drug treated versus control mice (data not shown).
Discussion
In the BM microenvironment, the interaction of MM cells with BMSCs triggers activation of MEK/ERK, JAK2/STAT3, and PI3-K/Akt signaling cascades, which induce MM cell proliferation, survival, drug resistance, and migration. 13, 14, 43 Among these signaling cascades, PI3-K/Akt has been demonstrated to have the most significant biologic impact in MM cell-cycle regulation and antiapoptosis. 10, 11, [52] [53] [54] [55] [56] In the context of BMSCs, PI3-K/Akt is activated by various cytokines, including IL-6, 11 IGF-1, 10,12 VEGF, 56 stromal cell-derived factor 1␣ (SDF-1␣), 52 and macrophage inflammatory protein 1-␣. 57 Specifically, Dex-induced apoptosis is significantly inhibited by IL-6 and IGF-1 via activation of the PI3-K/Akt pathway. Most recently, B-cell-activating factor has similarly been reported to abrogate Dex-induced apoptosis in MM. 53, 58 Perifosine is an alkylphospholipid, a novel class of antitumor agents structurally related to ether lipids that interacts with the cell membrane and thereby modulates intracellular growth signal transduction pathways. In preclinical studies, perifosine blocks cell-cycle progression in head and neck squamous cell carcinoma by inducing p21 WAF1 , regardless of p53 function. 17 Importantly, perifosine inhibits Akt/protein kinase B (PKB) activity, associated with activation of the stress-activated protein kinase (SAPK)/JNK pathway, 16 without affecting PI3-K or PDK-1 activity. 15 Two phase 1 studies of perifosine in advanced solid tumors have already been reported 20, 59 ; no hematology toxicity was observed. Since Akt plays a crucial role in MM cell survival and antiapoptosis, we in this study hypothesized that inhibition of Akt activity by perifosine could represent a novel therapeutic strategy in MM.
Although we observed constitutive phosphorylation of Akt to be variable in cell lines, the majority shows both Ser473 and Thr308 phosphorylation. There is no specific relationship between baseline expression of p-Akt, pSTAT3, and p-ERK. Perifosine, in a timeand dose-dependent fashion, significantly inhibits constitutive phosphorylation of Akt and its downstream molecules FKHRL1 and GSK3␣/␤, which play important roles in cell cycle and survival in MM.1S cells. Importantly, it does not alter the phosphorylation of upstream PDK-1. These results are consistent with a previous report, 15 and suggest that perifosine directly blocks Akt activity. Interestingly, perifosine enhances phosphorylation of MEK and ERK in a time-and dose-dependent fashion. Since the MEK/ERK pathway mediates MM cell proliferation, 25, 45 perifosineinduced MEK/ERK phosphorylation may be a compensatory mechanism in MM cells. Cytotoxicity triggered by perifosine is significant in all MM cell lines, including Dex-resistant (MM.1R), Mel-resistant (RPMI-LR5), and Dox-resistant (RPMI-Dox-40) cells, with IC 50 at 48 hours of 1 to 20 M, suggesting that perifosine overcomes resistance to conventional agents. Importantly, perifosine also induces cytotoxicity in freshly isolated tumor cells from patients with MM in this range of IC 50 , without cytotoxicity in PBMCs. Importantly, perifosine is also active in Myr-Akt transfected cells, suggesting that perifosine overcomes hyperactive Akt.
Perifosine triggers JNK phosphorylation in a time-and dosedependent fashion in MM cells, consistent with previous reports. 16, 60 Since we have shown that JNK plays a crucial role in apoptosis induced by bortezomib 30 and lysophosphatidic acid acyltransferase inhibitor, 34 we next determined the role of JNK activity mediating perifosine-induced apoptosis. As expected, JNK inhibitor SP600125 almost completely blocks caspase-8 cleavage and cytotoxicity. This result is further confirmed by downregulation of JNK2 by transfection of JNK2 siRNA. Taken together, these results indicate that JNK plays an obligate role in perifosine-induced apoptosis in MM cells. p38 MAPK is also phosphorylated by perifosine treatment, and blockade of p38 MAPK using the specific inhibitor SCIO469 significantly enhanced perifosine-induced cytotoxicity. Since our previous studies have shown that inhibition of p38 MAPK augments bortezomibtriggered cytotoxicity via down-regulation of heat shock protein (Hsp) 27, 31 these results suggest that expression and/or activation of Hsp27 may be associated with perifosine-induced cytotoxicity.
We and others have shown that IL-6 abrogates Dex-induced MM cell apoptosis via activation of Akt, 10, 11 and therefore further examined whether IL-6 or MM cell adherence to BMSCs could block perifosine-induced apoptosis in MM. perifosine triggers cytotoxicity even in the presence of IL-6 and in MM cells adherent to BMSCs, suggesting that perifosine can overcome CAM-DR in the BM milieu.
Since ERK is activated by perifosine treatment and plays a crucial role in MM cell proliferation, we hypothesized that inhibition of ERK activity would augment perifosine-induced cytotoxicity in MM cell lines and patient MM cells. As expected, MEK inhibitor U0126 synergistically enhances perifosine-induced cytotoxicity, associated with augmentation of JNK phosphorylation and caspase-8/PARP cleavage, confirming that dual inhibition of Akt and MEK/ERK induces synergistic antitumor activity in MM cells. Most recently, Rahmani et al have reported that coadministration of HDAC inhibitors with perifosine in human leukemia cells leads to inhibition of both Akt and MEK/ERK, as well as a marked increase in apoptosis. 19 Dasmahapatra et al have also reported that UCN-01, which inhibits PDK-1, together with perifosine, induces synergistic inhibition of prostate and lung cancer cell line growth at clinically achievable doses and without toxicity. 33 In this study, we combined perifosine with conventional anti-MM agents (Dex, Mel, Dox) and demonstrated enhanced cytotoxicity, suggesting potential clinical activity of combination therapies.
The proteasome inhibitor bortezomib induces significant antitumor activity in human MM cell lines and patient MM cells associated with JNK/caspase activation and followed by apoptosis, even in the presence of BMSCs. 13, 21, 29, 30, 42, 48, 61 Importantly, phase 2 and 3 trials of bortezomib treatment of patients with refractory and/or relapsed MM demonstrated responses; however, some patients did not respond and others acquired resistance. 50, 51 We have recently demonstrated that inhibition of the aggresome, an alternative pathway for degradation of polyubiquitinated proteins, using the specific HDAC6 inhibitor tubacin can synergistically augment bortezomib-induced cytotoxicity. 32 Interestingly, the present studies showed that bortezomib triggers activation of Akt, which is completely blocked by perifosine; conversely, perifosineinduced ERK phosphorylation is inhibited by bortezomib. This blockade by perifosine and bortezomib of both Akt and ERK signaling cascades enhances JNK phosphorylation, caspase/PARP cleavage, and apoptosis, suggesting promise of this combination to overcome clinical proteasome resistance.
Finally, perifosine is well tolerated and very effective in vivo in a murine MM model, evidenced by significant inhibition of MM tumor growth in mice treated with either daily (36 mg/kg) or weekly (250 mg/kg) oral perifosine, associated with Akt inhibition in tumor cells. These results, coupled with its lack of toxicity in these preclinical mouse models, provide the framework for clinical studies of perifosine, alone and coupled with conventional and proteasome inhibitor therapies, to improve patient outcome in MM.
